Abstract. Five physical models of the ionosphere were compared with each other and with data obtained at the Millstone Hill Observatory. Two of the models were self-consistent ionospherethermosphere models, while for the other ionospheric models the thermospheric parameters were provided by empirical inputs. The comparisons were restricted to midlatitudes and low geomagnetic activity, but four geophysical cases were considered that covered both the summer and winter solstices at solar maximum and minimum. The original motivation of the study was to determine why several physical models consistently underestimated the F region peak electron density, by up to a factor of 2, in the midlatitude, daytime ionosphere at solar maximum. This problem was resolved, but the resolution did not identify a lack of physics in any of the models. Instead, various chemical reaction rates, photoionization processes, and diffusion coefficients had to be adjusted, with the main one being the adoption of the Burnside factor of 1.7 for the diffusion coefficients. The subsequent comparisons of the models and data were for "standard" simulations in which uncertain inputs or processes were not adjusted to get better agreement with the data. For these comparisons, the five models displayed diurnal variations that, in general, agreed with the measurements. However, each one of the five models exhibited a clear deficiency in at least one of the four geophysical cases that was not common to the other models. Therefore, contrary to expectations, the coupled ionosphere-thermosphere models were not found to be superior to the uncoupled ionospheric models for the cases considered. The spread in NmF 2 calculated by the five models was typically less than a factor of 2 during the day but was as large as a factor of 10 at certain local times during the night. The latter problem was traced to insufficient nocturnal maintenance processes in two of the uncoupled ionospheric models. The general findings of this study have important implications for the National Space Weather Program.
Introduction .
The physics of the terrestrial ionosphere is reasonably well understood and is described by a set of first principles equations [Schunk, 1988] 
Models and Observations
The five models used in this study were developed for different purposes over more than a decade. Each model has an extensive history of model development and validation that has appeared in the literature. In the following five sections each model is briefly described from the perspective of this study. To help the reader in contrasting the different attributes of these models, Table 1 summarizes the key features of each model. This summaby of features emphasizes the differences in the models that are potentially relevant to this study. The lower boundary conditions of the model for the neutral chemical constituents depend on the species, and can be either photochemical equilibrium or a specified mass mixing ratio or mass flux.
The ionized species are assumed to be in photochemical equilibrium at the lower boundary. The neutral mean temperatures and winds at the lower boundary are prescribed by an annual tide consistent with the Cospar International Reference Atmosphere climatology; semidiurnal and diurnal tidal variations are imposed as described above. The ion temperature is assumed to be equal to the neutral temperature. The upper boundary conditions are diffusive equilibrium for the neutral and ionized constituents and zero vertical gradients for the temperatures. The O+-O collision frequency is multiplied by the Burnside factor of 1.7 [Salah, 1993] .
The ion drifts in the model are obtained from the empirical model of Richmond e! al. [1980] for low and middle latitudes
and from the empirical model of Heelis e! al. [1982] for high latitudes. The Richmond e! al. [1980] model represents solar cycle minimum conditions; the drifts during solar cycle maximum are known to be substantially different, at least at low latitudes [e.g., Fejer, 1991] .
The high-latitude processes included in the model are magnetospheric convection and particle precipitation, which result in momentum forcing and Joule heating. The auroral parameterizations used in the TIGCM are described by Roble and Ridley [1987] . The empirical convection model of Heelis e! al. [1982] is used for calculations of ion drag and Joule heating, which are updated at each time step. The model representation of particle precipitation is based on satellite data for various levels of auroral activity. Geomagnetic disturbances produce increases in the auroral zone half width, mean particle energy, and particle flux, which are adjustable model parameters that vary with magnetic local time. The geographic and geomagnetic poles are offset in the model. The displacement of the auroral oval toward the nightside in geomagnetic coordinates results in its location at higher geographic latitudes on the dayside.
In terms of this study, the following facts are of particular interest. First, the model uses an Eulerian (fixed grid) approach. The upper boundary is determined by the radiation condition and may vary from approximately 300 to 600 km, depending on solar activity. Near solar maximum, the peak of the F layer may' lie very near the top boundary of the model. In extreme cases, it may even fall outside the model grid. Also, interhemispheric plasma fluxes and, consequently, conjugate effects are not included. As noted earlier, the ion drifts are imposed in the present model version, and currently they represent solar minimum conditions. As a consequence, the postsunset reversal of the E x B drift in the model is very small. Finally, it is emphasized that this model couples the neutral and ionized atmospheres, including the winds and the ion and neutral densities. There is no opportunity, for example, to adjust the neutral winds to reproduce the observed F layer heights, as can be done with some of the purely ionospheric codes.
The The ionospheric model was initially developed as a midlatitude, multi-ion (NO +, 02 +, N2 +, and O +) model by Schunk and Walker [1973] . The time-dependent ion continuity and momentum equations were solved as a function of altitude for a corotating plasma flux tube including diurnal variations and important E and F region processes. This model was extended to include high-latitude effects due to convection electric fields and particle precipitation by $chunk et al. [1975, 1976] . At that time, a simplified ion energy equation was also added, which was based on the assumption that local heating and cooling processes dominate (valid below 500 km). Flux tubes of plasma were followed as they moved in response The EUV flux model has been described by Richards et al. model. An important consideration is the coupling flux of ions from the plasmasphere, which helps maintain the nighttime ionosphere. The particle and energy coupling between the ionosphere, plasmasphere, and conjugate ionosphere are handled self-consistently in the FLIP model. However, there is still some uncertainty for altitudes with L > 2 due to the possibility that flux tubes may be in the process of refilling after being emptied by magnetic storms. For the calculations in this study, the flux tubes are assumed to be almost full, as they would be after several days free of storm activity. Thus the nighttime downward flux of ionization is close to the maximum possible. indicate that tbr all four periods the preceding days were also quiet and hence that the ionosphere was in a relatively quiescent state. This was a key factor in selecting these particular periods. 
Phillips Laboratory GTIM A global, time-dependent, first-principles F region ionospheric model, GTIM, has been developed at the

Comparisons of Models and Observations
Comparison [1997] presented comparisons of the O/(N 2 + 02) ratio predicted by TIEGCM and MSIS for January near solar cycle minimum; the ratio ranged from 15 to 40 in the TIEGCM but was typically less than 10 in MSIS. The difference was due to the larger molecular densities in MSIS, which exceeded those in TIEGCM by factors of 2 to 4.
The differences were especially pronounced at night. Changing the molecular densities would also affect the TIGCM (TIEGCM) representation of hmF 2, since the altitude where chemical loss balances diffuse transport would be altered, as discussed by Fesen et al. [1997] .
It is a puzzle why three of the models (TDIM, FLIP, and GTIM) use the HMW90, but they do not experience the same problems. In fact, in the FLIP model the topside flux is not a free parameter; it is computed self-consistently and, in general, the nightside F layer is maintained in a manner similar to that observed.
At midlatitudes during quiet conditions, the F layer dynamics and field-aligned transport is most dependent upon the neutral wind. Overall, the neutral wind is the primary source of the problem for the ionospheric models, but it is a self-consistent part of the coupled ionosphere-thermosphere models. A need exists to extend the observational databases of the neutral wind models and to undertake careful investigation of the self-consistent winds generated in the coupled models, especially at other longitudes. The fact that the results do not show the models having common deficiencies makes it particularly difficult to produce a profound conclusion. One is left arguing that each model uses dissimilar numerical techniques, spatial resolutions, even boundary conditions, which could account for the dissimilar behavior. Indeed, the models do not even share a common set of adjustable parameters. As already pointed out, for common processes (i.e., O-O + diffusion or O photochemistry), these have been made the same in each model.
Each of the models produced significantly more information than displayed in FigUres 1 through 4. Several iterations and double checks on inputs and boundary conditions were made. In fact, a long list of other parameters that could be checked have been discussed in the PRIMO workshops. As a group, the decision to bring closure to the first PRIMO objective, that of resolving the factor of 2 deficiency in modeled noon NmF 2 at solar maximum, has been achieved. This was done by a set of adjustments to the diffusion coefficient, the photoionization chemistry, secondary electron production, and other model specific adjustments. Furthermore, the presentation of model results in Figures I through 4 represents a rather unique intercalibration of physical ionospheric models; one might even argue it is an expos6 of how well (or poorly) the models perform.
Conclusion
The comparison of the five physical models has important implications for the National Space Weather Program. Specifically, plans are underway to use ionospheric models for specification and forecasting and for providing time delay corrections of Global Position System signals. It is therefore important to determine how reliable the model predictions are for different geophysical conditions. In this study, five physical models containing ionospheres were compared with each other and with data obtained from the Millstone Hill Observatory. Two of the models were selfconsistent ionosphere-thermosphere models, while for the other three models the thermospheric parameters were provided by empirical models. The comparisons were conducted for the easiest case (midlatitudes and quiet magnetic activity), and for four geophysical conditions covering both summer and winter at solar maximum and minimum.
All of the simulations were based on standard model runs, with no allowance for adjusting uncertain model inputs or processes.
Perhaps the most important result obtained is that the selfconsistent ionosphere-thermosphere models are not quantitatively or qualitatively superior to the uncoupled ionospheric models for the conditions studied. All of the models predicted diurnal variations that were consistent with the observed trends, and this was true for all four geophysical cases. However, each one of the models displayed a clear deficiency in at least one of the four geophysical cases that was not common to the other models. Quantitatively, the spread in NmF 2 calculated by the five models was the smallest during the day, typically less than a factor of 2, but at night the spread in the model results was as large as a factor of 10 at certain local times. The latter problem was traced to a lack of nighttime maintenance processes in some of the uncoupled ionospheric models. These results imply that reliable quantitative predictions cannot be obtained from a "standard" model run, regardless of the model used. Data ingestion techniques will be required to obtain more reliable ionospheric predictions.
In the future, it would be useful to extend the comparison of the five models to the equatorial and high-latitude domains and to geomagnetically active conditions. It would also be useful to compare the five models when selected data sets are ingested 
